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Proper growth of the mammalian cerebral cortex
is crucial for normal brain functions and is controlled
by precise gene-expression regulation. Here, we
show that microRNA-7 (miR-7) is highly expressed
in cortical neural progenitors and describe miR-7
sponge transgenic mice in which miR-7-silencing
activity is specifically knocked down in the embry-
onic cortex. Blocking miR-7 function causes micro-
cephaly-like brain defects due to reduced inter-
mediate progenitor (IP) production and apoptosis.
Upregulation of miR-7 target genes, including those
implicated in the p53 pathway, such as Ak1 and
Cdkn1a (p21), is responsible for abnormalities in neu-
ral progenitors. Furthermore, ectopic expression of
Ak1 or p21 and specific blockade of miR-7 binding
sites in target genes using protectors in vivo induce
similarly reduced IP production. Using conditional
miRNA sponge transgenic approaches, we uncov-
ered an unexpected role for miR-7 in cortical growth
through its interactionswithgenes in thep53pathway.
INTRODUCTION
Formation of the mammalian cerebral cortex requires precise
regulation of neural progenitor proliferation and differentiation
to generate the proper number of postmitotic neurons. Radial
glial cells (RGCs) in the ventricular zone (VZ) are tightly regulated
to maintain their own population while producing intermediate
progenitors (IPs) that migrate to the subventricular zone (SVZ),
and subsequently mature neurons that form the cortical plate
(CP) (Go¨tz and Huttner, 2005; Kriegstein et al., 2006; Molyneaux
et al., 2007). Proper control of proliferation, survival, and differ-
entiation of neural progenitors is crucial for the formation of
normal cortical architecture (Rakic, 2009). The expression pat-
terns and levels of genes that govern these processes are
closely regulated by molecular mechanisms that are not well
understood.1184 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The AuthorsIt was recently demonstrated that microRNAs (miRNAs) are
critical for proper neural progenitor development during cortico-
genesis (Bian and Sun, 2011; De Pietri Tonelli et al., 2008; Ka-
wase-Koga et al., 2010; Nowakowski et al., 2011; Shi et al.,
2010). miRNAs are 22 nt, endogenous RNAs that guide the
RNA-induced silencing complex (RISC) to target mRNAs (Bartel,
2009). Once targeted, the RISC is able to block translation of or
degrade the mRNA transcript (Krol et al., 2010). This posttran-
scriptional level of regulation is able to fine-tune the expression
of target genes and prevent their inappropriate overexpression
(Hobert, 2008; Otaegi et al., 2011). Many miRNAs are members
of families or are expressed from multiple loci and thus give rise
to mature miRNAs with identical seed sequences, which makes
in vivo analyses (e.g., gene-knockout studies) challenging. Prom-
isingly, a miRNA sponge contains complementary binding se-
quences for the mature miRNAs, titrating them away from their
endogenous targets and in turn knocking down a specificmature
miRNA or miRNA family (Ebert et al., 2007; Gentner et al., 2009).
Thus, a miRNA sponge provides an effective way to examine the
roles of multilocus miRNAs using a loss-of-function approach.
Here, we generated a conditional miR-7 sponge transgenic
mouse model in which miR-7 expression is specifically knocked
down in the cortex. Blocking miR-7 function transiently affects
RGCproliferation, causes severe defects in the progenitor transi-
tion from RGCs to IPs, and reduces the survival of progenitors,
resulting in reduced neurogenesis and dramatically smaller
cortices. Illumina RNA sequencing revealed upregulation of 162
of miR-7’s predicted target genes in the miR-7 sponge cortex,
many of which are in the p53 pathway and control cell differenti-
ation and survival. Our results obtained in miR-7 sponge trans-
genic mice demonstrate that miR-7 plays a crucial role, partly
throughmodifying the p53 pathway, in controlling neural progen-
itor specification and survival, and determining cortical size.
RESULTS
miR-7 Is Expressed in Neural Progenitors in the VZ/SVZ
Our initial microarray screen for miRNAs expressed in mouse
developing cortices revealed miR-7 expression at embryonic
day 12.5 (E12.5) and postnatal day 0 (P0). Mature miR-7 with
highly conserved seed sequences was processed from three
Figure 1. Endogenous miR-7 Expression in Mouse Cortices and the miR-7 Sponge Design
(A) Mature miR-7 sequences from each genomic locus.
(B) Northern blot detecting miR-7 expression using an LNA probe for miR-7a in E12.5, E15.5, and P0 cortices. U6 RNA was used as a loading control.
(C) Real-time RT-PCR detecting miR-7 primary transcripts in the E15.5 cortex, in comparison with the miR-7a-2 expression level. p = 0.000257, n = 3.
(D–G) miR-7 was expressed in neural progenitors in the ventricular zone (VZ) (arrowheads) and mature neurons throughout cortical development. Low-power
(D and F) and high-power (E and G) images of in situ hybridization using LNA probes formiR-7a in wild-type mouse cortices at E12.5 and P0. The subventricular
zone (SVZ), subplate (SP), and cortical plate (CP) are labeled.
(H and I) Schematics representing the sponge sequences of one artificial, bulged binding site for miR-7 (H) or a scrambled (Scr) binding site (I).
(J) Relative activity of luciferase with a miR-7 binding site in its 30 UTR coexpressed with miR-7 or a control miRNA, and a sponge for miR-7 (7-sp) as in (H), or a
scrambled sponge (Scr-sp) as in (I).
Data are presented as mean ± SEM; nR 3; p values in relation to the no-sponge (No Sp) condition (**p < 0.01, ***p < 0.001). See also Figure S1.precursors—miR-7a-1, miR-7a-2, and miR-7b—that were tran-
scribed from separate loci on chromosomes 13, 7, and 17,
respectively, in mice (Figure 1A). To verify the expression levels
of miR-7 in embryonic cortices, we performed northern blot
analyses and detected mature miR-7 in cortices of E12.5 and
throughout development using a locked nucleic acid (LNA) probe
for miR-7a, which can also detect miR-7b (Figure 1B). Next, we
used real-time quantitative RT-PCR (qRT-PCR) to determine
which loci were most highly expressed in developing cortices.
AlthoughmiR-7a-2 andmiR-7b showed low levels of expression,
miR-7a-1 was the primary source of miR-7, with expression
levels more than 25 times higher than miR-7a-2 and close to
12 times higher than miR-7b in the E15.5 cortex (Figure 1C). ToCfurther examine the expression pattern of miR-7 in developing
cortices, we used the miR-7a LNA probe for in situ hybridization.
miR-7a was expressed in the VZ and SVZ in E12.5 cortices
and was maintained there through P0 (Figures 1D–1G). miR-7
expression was also detected in the subplate and the CP in
E15.5 and P0 cortices (Figures 1F and 1G). These findings sug-
gest that miR-7 may play an important role in neural progenitor
development throughout cortical development.
miR-7 Sponge Blocks the Silencing Effect of miR-7 on
Target Genes In Vitro
To test the role of miR-7 in cortical development using a loss-
of-function approach, we designed a bulged miR-7 sponge toell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authors 1185
simultaneously block the silencing activity of miR-7 transcribed
from all three separate loci (Figure 1H). The miR-7 sponge
(7-sp) consisted of 24 narrowly spaced, bulged binding sites
for miR-7 (Otaegi et al., 2012). Mature miR-7a and miR-7b
sequences differ by only a single base, and this was designed
to fall within the bulge region of the sponge, so the sponge
should affect the function of all three precursors equally by
titrating mature miR-7 away from its endogenous targets and
leaving them unbound by miR-7 (Figure S1A). We also designed
a scrambled sponge construct (Scr-sp) with the same architec-
ture, except that the binding-site sequence is predicted to be
untargeted by any miRNA (Figure 1I) (Gentner et al., 2009).
To test the function of these sponges, we designed a lucif-
erase assay, attaching a 30 UTR containing the miR-7 targeting
site to the luciferase gene. All three precursors of miR-7, but
not control miRNA miR-17 or a miR-7 construct with a mutated
seed sequence, caused a reduction in luciferase activity (Figures
1J and S1B). The miR-7 sponge was then attached to the 30 UTR
of a gene encoding iCre and coexpressed with the three different
miR-7 precursors and the luciferase gene with a miR-7 targeting
site in its 30 UTR. Reduced luciferase activity due to any of
the three miR-7 precursors was significantly rescued by the
miR-7 sponge, but not by a scrambled sponge (Figure 1J). Addi-
tionally, a miR-7 sponge with three mutations in the binding seed
sequence was unable to rescue reductions caused by miR-7
(Figure S1B). Our results demonstrate that the miR-7 sponge is
able to block the function of miR-7 transcribed from any of the
three loci.
miR-7 sponge Transgenic Mice Have Smaller Cortices
To examine the function of miR-7 in cortical development in vivo,
we generated conditional miR-7 sponge transgenic mice. To
make the transgene construct, we used the constitutively active
CAG promoter to drive expression of a floxed transcriptional
stop signal, followed by a coding gene, destabilized GFP
(D2eGFP), with the 24 bulged miR-7 sponge sites inserted as
its 30 UTR (Figure 2A). Transgene injection generated two trans-
genic founder lines (lines 12 and 17), calledmiR-7 sponge (7-sp)
carrier mice, which showed no distinguishable phenotypes.
To activate miR-7 sponge activity in the cortex, miR-7 sponge
carrier mice were bred with an Emx1-Cre line expressing Cre in
the embryonic dorsal cortical region beginning by E10.5 (Gorski
et al., 2002). Emx1-Cre:miR-7 sponge transgenic mice, called
7-sp mice, showed detectably smaller cortices even at E12.5,
with dramatically reduced cortical size at E15.5 and P0 with
100% penetrance (Figure 2B). Lines 12 and 17 showed indistin-
guishable phenotypes, so the results given for 7-sp mice are for
line 17 only.
We used the same system to generate a conditional trans-
genic scrambled sponge mouse. Transgene injection generated
five founder lines and, again, mice that carried the transgene
alone had no phenotype. Unlike the case with 7-sp mice, how-
ever, activation of the scrambled sponge using the Emx1-Cre
line, called Scr-sp mice, caused no discernible changes in the
cortex in any founder line at all tested stages, so the results given
for Scr-sp mice are for line 38 only (Figure 2B). Our results indi-
cate that blocking miR-7 silencing activity in the cortex causes
microcephaly-like brain defects.1186 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The AuthorsmiR-7 Sponge Blocks miR-7 Function In Vivo without
Affecting Other miRNAs
To demonstrate specific activation of the miR-7 sponge trans-
gene, we expressed a nonfluorescent pCAG-iCre plasmid and
a sensor construct for miR-7 in the cortices of E13.5 7-sp carrier
mice by in utero electroporation. Wild-type littermates received
the same electroporation to serve as a control. The sensor
plasmid contained the enhanced GFP (eGFP) and monomeric
RFP (mRFP) reporter genes, each transcribed from a separate
promoter. eGFP has no 30 UTR, whereas mRFP contains two
binding sites for miR-7 in its 30 UTR (Figure 2C). Therefore,
in electroporated wild-type cortices, all cells that receive the
plasmid should express eGFP, whereas mRFP, which is sensi-
tive to miR-7 silencing, will be expressed only in cells where it
cannot sense miR-7. In electroporated 7-sp carrier cortices, in
cells coelectroporated with iCre, miR-7 should be blocked by
the miR-7 sponge transgene, allowing mRFP expression. Mean-
while, a subset of cells may not receive iCre coelectroporation.
These cells will still have functioning miR-7 and thus express
no mRFP (Figure 2C).
At 48 hr after electroporation, only 10% of electroporated
cells were found to express mRFP in the VZ/SVZ of the control
cortex, confirming that most neural progenitors expressed
endogenous miR-7, although, interestingly, a subpopulation
of cells in the VZ/SVZ did not. On the other hand, in 7-sp car-
rier cortices, over 30% of electroporated cells expressed
mRFP (Figures 2D and 2E). This increase indicates that in
cells that normally express miR-7, expression of the sponge
is able to block miR-7 function in vivo. As predicted, a popula-
tion of cells appeared green, likely due to unsuccessful coelec-
troporation of the iCre plasmid. Conversely, electroporation of
a sensor for control miRNA miR-9 revealed strong miR-9 activ-
ity in nearly all electroporated cells, with no obvious change
when the miR-7 sponge transgene was activated (Figure S2).
Our results indicate that once it is activated, the miR-7 sponge
transgene is able to specifically block the activity of endoge-
nous miR-7, but not miR-9, in cells in the VZ/SVZ of developing
cortices.
miR-7 Functional Knockdown Causes Reduced
Neurogenesis
To examine what may cause reduced cortical size in miR-7
sponge mice, we first assessed whether neural production
or cortical layer organization was affected. We examined the
expression of Tbr1 (layer 6), Ctip2 (layer 5), and Cux1 (layer
2/3) in P0 7-sp and control cortices (Molyneaux et al., 2007).
The relative positioning of layer markers in the CP was similar
to that in the wild-type, suggesting that overall cortical layer or-
ganization was not greatly affected bymiR-7 blockade (Figure 3).
However, each layer examined was thinner, with significantly
fewer mature NeuN+ neurons, and there were significant reduc-
tions in the number of early-born Tbr1+ and Ctip2+ neurons, and
late-born Cux1+ neurons (Figure 3). On the other hand, scram-
bled sponge activation caused no detectable defects compared
with controls using any of the assessedmarkers, suggesting that
ectopic expression of a sponge transcript without miRNA bind-
ing sites has no effect on cortical neurogenesis (Figure S3).
Moreover, TUNEL staining showed no increase in dying cells in
Figure 2. miR-7 sponge Transgenic Mice in which miR-7 Function Is Blocked Have Smaller Cortices
(A) The sponge transgene was driven by a constitutively active CAG promoter followed by a floxed poly-A stop cassette, and the D2eGFP gene containing 24
bulged binding sites for miR-7 or scrambled sites. Conditional activation by crossing with the cortical specific Emx1-Cremouse line permitted expression of the
miR-7 (7-sp) or scrambled (Scr-sp) sponge transcript only in the cortex.
(B) Cortical activation of miR-7 sponge resulted in significantly smaller cortices compared with littermate controls (Ctrl), with differences clearly visible by E12.5
(arrows), and significant at E15.5 and P0. The cortex of Scr-sp mice did not differ from that of littermate controls.
(C) The sensor system to detectmiR-7 function used two-color sensor plasmids inwhich eGFPwas not sensitive tomiRNA,whereasmRFP contained two binding
sites for miR-7. This construct was coelectroporated with the iCre expression construct containing no fluorescent reporter into 7-sp carrier embryos and wild-
type control (Ctrl) littermates.
(D) Coelectroporation of iCrewith miR-7 sensor into Ctrl embryos revealed a small population of miR-7-negative cells in the dorsal cortex. Coelectroporation into
7-sp carrier embryos revealed a significantly increased population of cells with blocked miR-7 activity.
(E) Quantification of the percentage of electroporated cells with blocked miR-7 activity as eGFP+mRFP+ cells/eGFP+ cells.
Scale bars are labeled. Data are presented as mean ± SEM; nR 3 in all genotypes; p values in relation to control (***p < 0.001). See also Figure S2.P0 7-sp cortices, suggesting that cell survival is not affected
by the miR-7 sponge at postnatal stages. Our results indicate
that miR-7 is required for proper neurogenesis, but not overall
organization, of both early- and late-born neuronal subtypes in
different cortical layers.CRGCs Are Transiently Affected by Reduced miR-7
Activity
To understand the causes of reduced neurogenesis in themiR-7
sponge cortex, we examined neural progenitor development.
Emx1-Cre is activated by E10.5, so we should be able to detectell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authors 1187
Figure 3. miR-7 Sponge Activation Severely Impairs Neurogenesis of Early- and Late-Born Neurons
(A–D) miR-7 sponge (7-sp) activation caused a reduction in the number of early-born neurons labeled by Tbr1 or Ctip2, compared with controls (Ctrl).
(E and F) Late-born neurons labeled by Cux1 were also reduced in number.
(G and H) The overall number of NeuN-expressing neurons was reduced compared with controls.
Scale bar, 100 mM. Data are presented as mean ± SEM; nR 3 in all genotypes; p values in relation to control (***p < 0.001). See also Figure S3.changes in the number of neural progenitors at E12.5. The num-
ber of actively cycling progenitors,measured byKi67 expression,
was slightly reduced, and so was bromodeoxyuridine (BrdU)
incorporation in the E12.5 7-sp cortex compared with controls
(Figures 4A–4C). The cell-cycle labeling index (LI), however,
was similar to that of controls (Figure 4D). The number of PH3+
cells in the M phase of the cell cycle was also not changed (Fig-
ures 4E and 4F). Correspondingly, we detected a slight reduction
in the number of Pax6+ RGCs; however, the number of cycling
RGCs that took up BrdU was similar to that observed in controls,
suggesting that the mild defect in RGC numbers was not related
to their ability to proliferate (Figures 4G and 4H). By later stages,
the progenitor pool recovered from its mild defects. The overall
numbers of Ki67+ progenitors and Pax6+ RGCs were restored
to control levels in E15.5 7-sp cortices, and cell-cycle parame-
ters remained similar to those in controls (Figures 4I–4P). The
numbers and cell-cycle LI of neural progenitors inScr-sp cortices
were similar to those in controls at both E12.5 and E15.5 (Fig-
ure S4). Our results indicate that blocking the activity of miR-7
has onlymild, transient effects on RGCs in the embryonic cortex.
miR-7 Function Is Required for IP Transition andSurvival
Since the number of RGCs was largely unaffected but neuro-
genesis was significantly reduced in embryonic miR-7-sp1188 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authorscortices, we assessed whether loss of miR-7 function affects
IPs by examining the expression of the IP marker Tbr2. Unlike
the case with RGCs, the number of Tbr2+ cells remained
significantly reduced in 7-sp cortices from E12.5 through
E15.5 (Figures 5A–5K). However, in Scr-sp cortices, the num-
ber of Tbr2-expressing IPs was not affected (Figure S5). In
7-sp cortices, the number of cells that coexpressed Pax6
and Tbr2, labeling IPs under transition from RGCs, was halved
at both E12.5 and E15.5, indicating that miR-7 function is
required for normal IP transition (Figures 5C and 5F). At both
E12.5 and E15.5, the number of Tbr2+/BrdU+ cells was also
reduced in company with overall Tbr2+ cell reductions, leading
to an IP cell-cycle LI that was not significantly different from
controls (Figures 5G–5L). These results suggest that although
the number of IPs was significantly reduced, the behavior
of the existing IPs remained similar to that observed for
controls.
We next tested whether the survival of neural progenitors was
affected by miR-7 blockade using a combination of a TUNEL
assay with immunofluorescence for Pax6 or Tbr2. Whereas
control or scrambled sponge brains showed little cell death,
E12.5miR-7 sponge brains displayed large numbers of TUNEL+
cells that were mostly localized in the SVZ (Figures 5M, 5N, and
S5C). At E15.5, individual TUNEL+ cells could still be seen in
Figure 4. RGCs Are Only Mildly Affected by Loss of miR-7 Activity during Cortical Development
(A–C) At E12.5, miR-7 sponge (7-sp) expression caused a slight reduction in the number of Ki67+ progenitors and a similarly small reduction in the number of cells
incorporating BrdU in 30 min labeling, compared with controls (Ctrl).
(D) The cell-cycle labeling index (LI) was unchanged from that in controls.
(E and F) The number of cells expressing PH3, a marker of cells in the M phase of the cell cycle, was unchanged from controls.
(G and H) The number of RGCs expressing Pax6 was also slightly reduced. However, the number of RGCs incorporating BrdU was similar to controls.
(I–L) At E15.5, there were no longer differences in Ki67+ cells or BrdU uptake, and the cell-cycle LI remained equal to controls.
(M and N) The number of M phase cells expressing PH3 was similar to controls.
(O and P) The number of RGCs expressing Pax6 was similar to controls, and the number of RGCs taking up BrdU was also similar to controls.
Scale bar, 50 mM. Data are presented as mean ± SEM; nR 3 in all genotypes; p values in relation to control (*p < 0.05; **p < 0.01). See also Figure S4.miR-7 sponge, but not significantly in Scr-sp cortices (Figures
5O, 5P, and S5F). Most TUNEL+ cells were detected in the
SVZ and intermediate zone (IZ), but not in the CP (Figures 5OCand 5P). These results suggest that miR-7 function is required
for neural progenitors, largely in the SVZ, to differentiate and
survive.ell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authors 1189
Figure 5. Reduced miR-7 Activity Results in Impaired Transition of IPs and Cell Death
(A and B) At E12.5, loss of miR-7 function in 7-sp cortices resulted in significantly fewer Tbr2+ cells than in control cortices (Ctrl).
(C) The number of cells coexpressing Pax6 and Tbr2 was also dramatically reduced.
(D and E) At E15.5, the number of Tbr2+ cells remained significantly reduced.
(F) The number of cells coexpressing Pax6 and Tbr2 also remained dramatically reduced at E15.5.
(G and H) At E12.5, the total number of Tbr2+ cells was reduced, and the number of Tbr2+ cells incorporating BrdU was also lower than in controls.
(I) The Tbr2 LI was similar to that in controls.
(J and K) At E15.5, the total number of Tbr2+ cells was reduced, and the number of Tbr2+ cells incorporating BrdU was also lower than in controls.
(L) The Tbr2 LI was similar to that in controls.
(M) Loss of miR-7 function caused significant cell death at E12.5. TUNEL staining (arrowheads) combined with Pax6 immunofluorescence.
(N) TUNEL staining combined with Tbr2 immunofluorescence revealed most TUNEL+ cells in the subventricular zone (SVZ).
(O) Loss of miR-7 function caused significant cell death at E15.5. TUNEL staining combined with Pax6 immunofluorescence.
(P) TUNEL staining combined with Tbr2 immunofluorescence.
Scale bar, 50 mM. Data are presented as mean ± SEM; nR 3 in all genotypes; p values in relation to control (*p < 0.05; ***p < 0.001). See also Figure S5.miR-7 Controls Neurogenesis by Suppressing Multiple
Genes
We next assessed the underlying mechanism of miR-7 regula-
tion in cortical development by identifying its target genes.
miRNAs can have many simultaneous targets in vivo, so in
order to determine which targets may be responsible for the
phenotypes in miR-7 sponge mice, we used an Illumina RNA
sequencing approach (Figure 6A). This approach provides a
global view of alterations to the transcriptome due to manipula-1190 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authorstion of miR-7, with the expectation that miR-7 target genes
released from regulation by miR-7 sponge will be upregulated.
Total RNA was isolated from E12.5 dorsal cortices of three
7-sp and three wild-type littermate embryos, sequenced, and
analyzed using GobyWeb (Dorff et al., 2013). Overall gene
expression was not greatly different from that in the wild-type,
with only a few genes exhibiting large deviations from controls
(Figure 6B). Upon a detailed analysis of the expressed genes,
we found that 419 genes had been consistently upregulated by
Figure 6. Cortical Knockdown ofmiR-7 Function Causes Upregulation ofMultiple Targets, IncludingMany Associatedwith the p53 Signaling
Pathway
(A) Schematic outlining RNA isolation, sequencing, and analysis of RNA extracted from wild-type (WT) and miR-7 sponge (sp) cortices.
(B) Comparison of 7-spongeRNA sequencing results withWT. Gene levels were expressed as log2RPKM. RPKM, the number of sequencing reads per kilobase of
the transcript divided by one million.
(C) GO analysis using GOrilla on the 419 genes significantly upregulated in 7-sp cortices.
(D) A total of 162 upregulated genes were predicted targets of miR-7. A comparison of the 419 upregulated genes with target predictions for each of 35 neural
miRNAs generated an expected number of hits in a random neural sample. miR-7’s 162 predicted and upregulated genes exceeded this by +2 SDs, whereas
other miRNAs expressed in this tissue did not.
(E) The 162 upregulated miR-7 targets sorted by KEGG pathway analysis using DAVID revealed several pathways that are targeted by miR-7. The p53 signaling
pathway that is known to govern progenitor checkpoint decisions and apoptosis was selected for further investigation.
(F) A manual literature search confirmation of genes in the p53 pathway uncovered 19 p53 pathway genes affected by loss of miR-7 function in E12.5 7-sp
cortices.
Data are presented as mean ± SEM; nR 3 in all genotypes; p values in relation to control. See also Figure S6.at least 25%. We performed a Gene Ontology (GO) analysis
using GOrilla (Eden et al., 2007, 2009). Genes related to prolifer-
ation, cell death or survival, and differentiation were found to be
significantly overrepresented among the upregulated genes,
suggesting a molecular basis for the observed neurogenesis
defects in 7-sp cortices (Figure 6C).
To determine which genes may be direct targets of miR-7, we
compared the list of upregulated genes with lists of predictedCmiRNA targets using five target prediction algorithms (miRWalk,
Targetscan, Miranda, miRDB, and RNA22) via the miRWalk tool.
A total of 162 out of the 419 upregulated genes were predicted
targets of miR-7. We next generated an expected number of
genes that a nonspecific miRNA would target in our set of 419
upregulated genes by comparing the 419 genes with target lists
for 35 other miRNAs, including the 20 highest-expressed neural
miRNAs and additional known neural miRNAs (Chi et al., 2009).ell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authors 1191
(legend on next page)
1192 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authors
We found that the mean expected number of predicted targets
by these baseline miRNAs is approximately 111 ± 4.2 SEM,
which is similar to the number of predicted targets for a heart-
specific miRNA, miR-1. However, 162 predicted targets of
miR-7 were >2 SDs above the nonspecific expectation (Fig-
ure 6D). Together with the findings from our miR-7 sensor assay
(Figure 2), these results strongly suggest that the phenotype in
miR-7 sponge cortices is due to upregulation of miR-7 target
genes and a specific blockade of miR-7 function.
miR-7 Targets the p53 Signaling Pathway at Multiple
Points
We hypothesized that rather than targeting individual genes,
miR-7may attempt to regulate whole pathways by silencingmul-
tiple genes within that pathway. To test this, we performed a
KEGG pathway analysis on the 162 genes that were both upre-
gulated and predicted miR-7 targets using David 6.7 (Figures
6E and S6; Huang et al., 2009). This analysis uncovered that
six out of 162 genes are annotated as being part of the p53
signaling pathway, a highly significant overrepresentation. Agi-
lent Literature Search Software v2.8 and a subsequent manual
search on PubMed confirmed these six genes and more,
showing that a total of 19 out of 162 miR-7 target genes fall
into the p53 pathway (Figure 6F). According to the GO annota-
tions of these genes, most were involved in regulating cell-cycle
arrest, cell death, and cell differentiation, suggesting underlying
causes of miR-7-sp cortical defects.
miR-7 Directly Regulates Multiple Genes in the p53
Pathway in the Cortex
To confirm that these predicted genes can be directly targeted
by miR-7, we used luciferase assays, attaching the 30 UTR of
each gene to a luciferase reporter. We selected five predicted
miR-7 target genes that are associated with the p53 pathway
and have known functions in regulating differentiation or survival
in neural development: a cytosolic adenylate kinase Ak1, the
apoptotic activator Pmaip1 (also known asNoxa), the CDK inhib-
itor Cdkn1a (also known as p21), transcription factor Klf4, and
the cyclin Ccng1 (Akhtar et al., 2006; van Lookeren Campagne
and Gill, 1998; Noma et al., 1999; Qin and Zhang, 2012). Further-
more, all of these genes showed significant upregulation of
expression levels in vivo due to loss ofmiR-7 function (Figure S6).
When coexpressed with miR-7 in vitro, the 30 UTRs of each of
these genes were targeted by miR-7a, resulting in a significant
reduction of luciferase activity (Figure 7A). Luciferase reductions
were not induced by coexpression with a control miRNA miR-17Figure 7. Genes in the p53 Pathway Are Specific Targets of miR-7 and
(A) Activity of luciferase containing the 30 UTRs of genes in the p53 pathway was
luciferase activity, except with the p21 30 UTR, since p21 is a known target of m
(B) Ectopic expression of Ak1 or p21 did not affect the number of Pax6+ cells co
(C) Ectopic expression of Ak1 or p21 reduced the percentage of electroporated
(D) Electroporation of pCAGIG along with LNA target site protector oligos, designe
UTR (Ak1 protector) did not affect the number of Pax6+ cells compared with ex
designed to bind to the Ak1 30 UTR outside miR-7 binding sites (Ak1 Ctrl).
(E) Electroporation of pCAGIG together with the p21 protector or the Ak1 protecto
the pCAGIG vector alone or Ak1 Ctrl.
Scale bar, 50 mM. Data are presented asmean ± SEM; nR 3 in all constructs; p va
Figure S6.
C(with the exception of p21, a known target of miR-17) or by a
mutated miR-7 (Figure 7A; Wong et al., 2010). Our results indi-
cate that these five genes in the p53 pathway are putative targets
for miR-7.
We next assessed whether upregulation of these genes in vivo
contributes to some of the phenotypes found in miR-7-sp
cortices. The full-length cDNA for Ak1 or p21was ectopically ex-
pressed in E13.5 cortices by in utero electroporation, and em-
bryos were analyzed after 24 hr. Consistent with the 7-sp cortical
phenotype, ectopic expression of either Ak1 or p21 had no effect
on the percentage of electroporated cells expressing Pax6 rela-
tive to electroporation with an empty pCAGIG vector. However,
there was a significant reduction in the relative percentage of
Tbr2-expressing cells, suggesting a specific reduction in IP gen-
eration (Figures 7B and 7C). Activated Caspase3 expression was
not significantly altered due to ectopic expression of Ak1 or p21.
These results suggest that suppression of Ak1 and p21 is neces-
sary for successful generation of IP.
Finally, to examine the specific interaction between miR-7
and target genes in vivo, we coelectroporated pCAGIG with
LNA target protectors—oligos designed to bind specifically
to the miR-7 binding site in the 30 UTR of Ak1 or p21, preventing
miR-7 from silencing its targets. Additionally, we generated a
control protector against an alternate site on the Ak1 30 UTR,
which should not affect miR-7 binding. Electroporation of the
control protector elicited no changes relative to the no-oligo
condition. Electroporation of protectors that blocked miR-7’s
interaction with Ak1 or p21, however, closely mimicked overex-
pression of these genes, with no changes in the relative percent-
age of Pax6+ cells, and slight but significant reductions in the
percentage of Tbr2+ cells (Figures 7D and 7E). Again, activated
Caspase3 expression was not significantly altered. Altogether,
these results demonstrate that miR-7 function is crucial for neu-
ral progenitors to successfully produce IPs, and that this process
is partly mediated by the p53 pathway genes Ak1 and p21 in the
developing cortex.
Discussion
Because proper cortical size is essential for brain functions,
identifying molecules that control cortical growth will help us un-
derstand how brain malformations occur. We have generated a
mouse model in which the activity of miR-7, processed from all
three primary loci, is specifically knocked down in the cortex
using a miR-7 sponge. We have shown that miR-7 sponge
mice have significantly smaller cortices, and that miR-7 activity
is required for the RGC to IP transition and for progenitor survivalAre Required for Production of Cortical IPs
reduced when coexpressed with miR-7. Control miRNA miR-17 did not affect
iR-17.
mpared with expression of the pCAGIG vector alone.
cells expressing Tbr2 compared with expression of the pCAGIG vector alone.
d to block miR-7’s interaction with the p21 30 UTR (p21 protector) or the Ak1 30
pression of the pCAGIG vector alone, or application of a target site protector
r reduced the percentage of cells expressing Tbr2 compared with expression of
lues in relation to control (**p < 0.01; ***p < 0.001; n.s., not significant). See also
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in the SVZ. miR-7 function is carried out at least partly through
direct regulation of p53 pathway genes such as Ak1 and p21.
Our studies have uncovered a crucial role of noncoding RNAs
in controlling cortical size.
Proper growth of the cortex relies on expansion of both RGCs
and IPs (Lui et al., 2011; Molna´r and Clowry, 2012; Rakic, 2009).
Recent studies have shown that specification, proliferation, and
differentiation of IPs are essential for controlling the neural pro-
genitor pool and cortical growth (Arnold et al., 2008; Englund
et al., 2005; Sessa et al., 2008, 2010). The importance of
miRNAs in controlling cortical growth is becoming evident.
The miR-17-92 cluster has been shown to control cortical
size by regulating RGC proliferation and IP specification (Bian
et al., 2013; Nowakowski et al., 2013). Our studies here have
shown that blocking miR-7 silencing activity in miR-7 sponge
transgenic mice has only a mild, transient effect on the apical
progenitor pool. IP production, however, is severely impaired
throughout neurogenesis, suggesting that this act of progenitor
specification serves as a checkpoint that is failed by cells lack-
ing miR-7 function. It was previously shown that IPs are respon-
sible for producing neurons in all layers of the CP (Kowalczyk
et al., 2009). The more severe reduction of upper-layer neurons
compared with deep-layer neurons is likely caused by contin-
uous impairment of expansion of IPs, but not RGCs, in miR-7
sponge cortices. Our studies have demonstrated a mechanism
regulated by miR-7 that controls the IP population and, in turn,
brain size. Moreover, it is likely that miR-7 plays multiple roles in
many aspects of brain development. In dissociated cortical neu-
rons, miR-7 has been found to repress neurite outgrowth, pro-
mote oligodendrocyte differentiation, and regulate a-synuclein,
suggesting a role in Parkinson’s disease (Chen et al., 2010;
Doxakis, 2010; Junn et al., 2009; Zhao et al., 2012). More
recently, miR-7 has been shown to repress olfactory dopamine
neuron development in mice (de Chevigny et al., 2012). These
studies indicate that miR-7, working together with protein-cod-
ing genes, is a major neuronal miRNA that is essential for brain
development and functions.
Uncovering the full scope of a miRNA’s function can be chal-
lenging. miRNAs can target many genes simultaneously, and it
is difficult to isolate any one target from the global context in a
loss-of-function model. Furthermore, these interactions can
be distinct in different contexts and cell types. By using Illu-
mina sequencing and pathway analysis, we identified a wide
network of pathways targeted by miR-7. In fact, the total
number of altered targets is likely even higher because RNA
sequencing will not detect changes in targets whose mRNA
is not degraded by miR-7. Organizing miRNA targets into
pathways in this way gives an overall picture of the miRNA’s
functions in a complex process such as neuronal differentia-
tion, and provides more avenues for further studies than
does analysis of single targets.
We have found that although other pathways are also revealed
to be targeted by miR-7, the functions of the p53 pathway are
closely associated with the defects in the 7-sp cortex. The p53
pathway, overlapping with those of its cortically expressed fam-
ily members p63 and p73, is intimately linked to cell-cycle check-
point control and cell survival (Murray-Zmijewski et al., 2008).
Two verified miR-7 targets, Ak1 and Klf4, have been implicated1194 Cell Reports 7, 1184–1196, May 22, 2014 ª2014 The Authorsin neuronal differentiation (Inouye et al., 1998; Noma et al.,
1999; Qin and Zhang, 2012). Ccng1 and p21 have been shown
to promote cell-cycle arrest that can lead to apoptosis (el-Deiry
et al., 1993; Harper et al., 1993). Pmaip1 (Noxa) has been
described as an executor of p53-mediated apoptosis, although
its role may be less pronounced in neurons (Akhtar et al., 2006;
Michalak et al., 2008). By blockingmiR-7’s interactions with spe-
cific genes in the p53 pathway, we can partially phenocopy the
7-sp phenotype. Noticeably, blocking miR-7’s interaction with
even a single target using a miR-7 target protector recapitulates
the reduced generation of Tbr2-expressing IPs, although it fails
to recreate the cell death defect. Apoptosis in miR-7 sponge
cortices may well be a result of altered expression of a combi-
nation of the 162 upregulated genes or an indirect outcome of
miR-7 manipulation.
Furthermore, the generation of a conditional miR-7 sponge
transgenic mouse model provides a useful tool for investigating
miRNA functions in vivo. A miRNA sponge can be used to block
the activities of all miRNA precursors and avoid the need to
generate miRNA knockout mice, which is expensive and time
consuming. The conditional sponge transgenic mice will also
allow tissue- and cell-type-specific investigations of miRNA
functions.
Taken together, our results indicate that miR-7 plays a critical
role in cortical neurogenesis by modulating the expression levels
of multiple targets. Regulation of targets Ak1, p21, and likely
others in the p53 pathway permits proper RGC-to-IP transition,
prevents progenitor apoptosis, and allows subsequent neuronal
production in order to control normal brain size.
EXPERIMENTAL PROCEDURES
Sponge Transgene and Transgenic Mouse Generation
We generated a conditional transgenic expression construct, here called
pCBR, using the pBigT vector as a backbone. The constitutively active CAG
promoter was subcloned from the pCAGIG vector into the construct to drive
transgene expression. Forward and reverse sponge oligos containing three
bulged miR-7s, miR-7 with three mutations in the binding seed, or scrambled
binding sites were flanked by the SpeI and XbaI cutting sites (Table S1). Oligos
were annealed and additively cloned to finally contain 24 binding sites. This
sponge sequence was subcloned in the 30 UTR of D2eGFP and then into the
pCBR conditional expression vector.
To verify transgene activation, the miR-7 or scrambled sponges in the
pCBR vector were cotransfected with pCDNA-iCre expression construct
into Neuro2A cells. The sponge D2eGFP was detectable by a western blot
using GFP antibodies.
The transgene fragment was released by KpnI digestion to generate trans-
genic mice at the Weill Cornell Transgenic Core Facility. miR-7-Sp carrier
mice were generated on a C57BL/6J background and Scrambled sponge
mice were generated on an F1 background. Potential founders were screened
by PCR for D2eGFP and the Neo cassette.
Transgene Activation and Genotyping
Sponge transgenes were activated in the embryonic dorsal cortical region
in vivo by crossing transgene carrier mice to the Emx1-Cre line (The Jackson
Laboratory) to generate Emx1-Cre:miR-7 sponge and Emx1-Cre:Scrambled-
Sponge, here called 7-sp and Scr-sp, respectively. For staging of embryos,
midday of the day of vaginal-plug formation was considered as E0.5, and
the first 24 hr after birth were defined as P0. Animal use was overseen by
the Animal Facility at theWeill Cornell Medical College. For mouse genotyping,
mouse tail-tip or embryonic tail biopsies were used for PCR reactions using
primer pairs to detect Cre, Neomycin, or D2eGFP (Table S1).
Statistics
For electroporated mouse sections, at least three brains from each group
were analyzed. Statistical comparison was made by ANOVA followed by un-
paired Student’s t test.
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